A dre na lin w a s used to investigate in vivo the circulation o f the different stages of rodent Plasm odium present in the blood. A single dose o f adren alin injected to m ice infected w ith P. yoelii resulted im m ediately in i) a dim inution o f the parasitaem ia of a p pro xim ate ly 5 0 % in the peripheral la rge vessels (estimated in tail b lo o d films), as w ell as in the ca p illa rie s (estimated in smears o f b lo o d collected from a fed A nopheles), an d ii) an increased parasitaem ia in b lo o d collected b y c a rd ia c puncture from the right heart. The numbers o f young stages o f P. y o e lii in the peripheral blo o d w ere initially som ew hat reduced but, unexpectedly, midterm trophozoites w ere preferentially expelled from the peripheral blood into m ajor organs like the heart. W ith P. vinckei, parasitaem ia decreased on ly w he n midterm trophozoites predom inated, and w ith P. c h a b a u d i no effect w a s observed at a n y time. W e propose that midterm trophozoites, by their increased surface area, as co m p a re d to rings, an d their flexibility w hich contrasts w ith the rig id schizonts, are particularly susceptible to haem odynam ic perturbations.
INTRODUCTION
T he severity of malaria pathology is, to a large extent, due to vascular damage and consequent tissue lesions, resulting from the impaired deformability of the infected red blood cells, which inter feres with the normal circulation of the blood (Vuong et a l ., 1999 and review by Dondorp et al., 2000) . The distribution of malaria parasites in the various organs and their circulation throughout the vascular system are irregular, and vary according to the para sitic stage and the size, etc. of the blood vessels of the host (D esow itz e l a l., 1976; Marchiafava & Bignami, 1982; Coquelin et al., 1999; Landau & Chabaud, 2002) . Several factors are involved: i) rheological, including the diameter and resistance of the ves sels, the viscosity of the blood, and the rapidity of the blood flow; ii) peculiarities of the parasitized red blood cell: modifications of its physical properties (increased size and rigidity) induced by parasite deve lopment, sequestration in the venules, cytoadherence to the vascular endothelium or to intact erythrocytes (rosetting), etc... Changes in the parasitaemia and the characteristics of parasitic infection were observed under conditions of stress and after treatment with pentoxifylline, a drug that increases red blood cell deformability and causes peripheral vasodilatation. The results indicated that Parasite, 2004, 11, 343-350 later parasite stages became less abundant in the tail blood of mice (Voza et al., 2001) . Brumpt frequently used adrenalin injections to provoke a recrudescence of the infection in birds naturally infected with malaria parasites. The method was known in human medicine as "test d'adrénalino-réac-tion" or "splé no-contraction adrénalinique" (Brumpt, 1949) , and was used as a diagnostic method to detect cryptic infections. The mechanism was thought to be due to a contraction of the smooth muscles expelling the parasitized erythrocytes from the spleen and their appearance in the circulating blood, within half an hour after injection of the drug. However, the method was considered to be dangerous and inefficient, and was abandoned (Bruce-Chwatt, 1986) . Adrenalin was used in the present work to induce a violent contraction of the peripheral vessels, thus modi fying the distribution of the parasites. Blood from three types of vessels was examined: -large peripheral blood vessels, obtained by cutting off the tip of the tail of mice; -peripheral capillary blood, obtained by smearing the stomach contents of a female A nopheles immediately after a blood meal (Landau et al., 1979; Landau & Chabaud, 2002) ; -cardiac blood, obtained by puncture of the right heart. diately and the blood smeared. The mean parasitaemia and parasitic pattern of five sequential smears were cal culated. Except when daily injections of adrenalin were given, all experiments were carried out when the parasi taemia was approximately 2 % before heavy patholo gical changes occur in the host. The following quantities were determined: i) parasi taemia; ii) parasitic pattern, i.e. percentages of the fol lowing parasitic stages: rings + young trophozoites (Rs + YTs), midterm trophozoites (MTs), old trophozoites (OTs), polyparasitized erythrocytes (PPs), schizonts (Ss) and gametocytes (Gs). Parasitic patterns are expressed as the product of the parasitaemia and the percentage of each stage present.
S t a t is t ic a l a n a l y sis
The distribution of the values obtained in a frequency histogram and a graph of the accumulation of fre quencies demonstrated that our results, in both treated and control groups of mice, were normally distributed. The variance did not differ significantly between the groups. The significance of any differences obtained between experimental groups was evalued by Fisher's t-test (comparison of means). In all statistical analyses, significance was assessed at the P < 0.05 level. Adrenalin doses of 1 mg/kg were injected subcutaneously to mice while control animals received the same volume (0.1 ml) of saline. Tail blood films from mice were prepared just before and one minute after the injection and, in one experiment, after 10, 20 and 30 minutes. Heart blood was drawn by cardiac puncture of the right heart under ketamine anaesthesia (20 µl given intramuscularly). Smears from fed mosquitoes were prepared as follows: mosquitoes with swollen abdomens were removed from the mice while finishing their blood meal. The abdomen was squashed imme-RESULTS E f f e c t o f a d r e n a l in o n r e t ic u l o c y t e s P . y o elii preferentially invades reticulocytes. A preliminary experiment was therefore performed to establish the effect of adrenalin on these cells: twelve uninfected mice with a reticulocytaemia appro ximating 1.6 % were injected with adrenalin and blood films were prepared before and one minute after the injection. There was no significant difference between the mean reticulocytaemia before treatment (1.66 % ± 0.13 standard error [SEM] ) and after treatment (1.63 % ± 0.1).
MATERIALS AND METHODS

P. YOELII YOELII. EFFECT ON THE TAIL BLOOD OF A SINGLE INJECTION OF ADRENALIN
• Immediate effect Twelve mice with parasitaemias of 1-2 % on the fourth day after inoculation were treated with adrenalin and 12 control mice with saline. Blood films prepared just before and one minute after the adrenalin injection revealed a statistically significant decrease of parasitaemia (~ 50 %). Parasitaemias in control mice remained constant ( Fig. 1) . Analysis of parasitic pattern at one minute after treatment showed a diminution of Rs + YTs, MTs and PPs, the effect being more pronounced (~ 70 %) with MTs.
C ir cu la tio n o f r o d e n t P lasm o d iu m e r y t h r o c y t ic sta g es
The numbers of OTs was not significantly modified. Ss and Gs were too rare to be taken into account (Fig. 3 , before and one minute after adrenalin injection).
• Duration of the effect Six mice with parasitaemias of 1-2 % on the fourth day after inoculation were treated with adrenalin. Tail blood films were obtained before and one, 15 and 30 minutes after the adrenalin injection. Progressive return to the initial parasitaemias ( Fig. 2 ) and parasitic patterns ( Fig. 3 ) occurred within 30 minutes.
• Daily injections Twelve infected mice were given daily injections of adrenalin (six mice) or saline (six controls) at fixed times, starting at day 0. Blood films obtained before each injection showed no difference between control and treated mice. Films made one minute after treat ment showed a significant drop of parasitaemia only when the latter was lower than 5 %, i.e. at the begin ning of the patent period (until day 6 after inoculation) and after the crisis (from day 14 after inoculation).
P. YOELII YOELII: E FF E C T O F ADRENALIN O N CAPILLARY B L O O D
Six mice with parasitaemias of 1-2 %, four days after ino culation, were exposed to mosquitoes for 20 minutes just before and for 20 minutes immediately following adre nalin injection. Tail blood films and mosquito blood meal smears were prepared according to the diagram (Fig. 4 ).
• Parasitaemia (Fig. 5 ) Before adrenalin injection, parasitaemias were com parable in mouse blood and in the mosquito blood meals; after treatment they both decreased similarly.
• Parasitic pattern (Fig. 6 ) In contrast to the stability of parasitaemias, parasitic pat terns differed markedly between mice and mosquitoes. Before adrenalin treatment, OTs were more numerous in the mosquito blood meals than in the tail blood of mice (representing capillary blood), but MTs were more numerous in the latter than in the former. Numbers of Rs + YTs and PPs were identical in the two blood pre parations. During the 20 minutes following adrenalin injection, parasitic patterns were almost identical in mice and mosquitoes. There was a decrease of Rs + YTs, MTs and PPs in both preparations; however, in contrast to the situation in mice, OTs also decreased in mosquitoes.
P. yOELII YOELII: EFFECT OF ADRENALIN ON INFECTED CELLS IN CARDIAC BLOOD
Twelve mice with parasitaemias of 1-2 %, four days after inoculation, were anaesthetized with ketamine. A preliminary experiment had shown that the anaes thetic did not modify the parasitaemia or the parasitic pattern. Tail blood films were prepared before and one minute after injections of adrenalin to six mice and saline to six other control mice. Blood from the heart was then immediately drawn from all mice and films were prepared. In control mice parasitaemias and the parasitic patterns in tail blood were identical before and after saline injec tion. Heart blood, however, differed from tail blood: parasitaemias of control mice were lower than in tail blood and Rs + YTs and MTs were less numerous (Figs 7, 8) . In mice treated with adrenalin, the usual decrease of parasitaemia and modification of the parasitic pattern ( Fig. 9) were seen in tail blood; in contrast, parasi taemias increased in heart blood, as did the numbers of Rs + YTs and MTs. The parasitic pattern (Fig. 10) had become identical to that in mouse tail blood before the adrenalin injection.
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Mémoire
P. VINCKEI PETTERI'. EFFECT ON THE TAIL BLOOD OF A SINGLE INJECTION OF ADRENALIN
Thirty mice were infected at the same time of day (tg) with frozen aliquots of P. v. petteri, which is a syn chronous species with a schizogonic rhythm set by the time of inoculation (Montalvo Alvares et al., 1988) . The experiment was performed at day seven after inocu lation. Adrenaline or saline were injected to experi mental or control mice respectively at different times of day, six hours apart, when different parasitic stages were predominant: i) at t0 when Rs + Ss were pre dominant together with many OTs, ii) at t6 when YTs were predominant, and Hi) at tl2 when MTs were pre dominant. Parasitaemias were estimated in tail blood before and one minute after the injections. Parasitaemias decreased by approximately 20 % when adrenalin was injected in mice with a predominance of YTs (t6) (Fig. 11) , and by 45 % when MTs were pre dominant (t12) (Fig. 12) ; no decrease was observed at the time of schizogony (t0) (Fig. 13) .
P. CHABAUDI CHABAUDT. EFFECT ON THE TAIL BLOOD OF A SINGLE INJECTION OF ADRENALIN
Twenty mice were infected at the same time with frozen aliquots of P.
c b a b a u d i c h a b a u d i,
which is a synchronous species with a schizogonic cycle well known to be set by the circadian rhythm of the host. Adrenalin or saline (controls) was injected at two dif ferent times of the day, when a different parasitic stage was predominant. Parasitaemias were estimated in tail blood before and one minute after the injections. Experiments were performed at day 10 after inocula tion, the injections being given i) at midnight when Rs and Ss were predominant together with many Ots, and ii) at 12:00 hours when MTs were predominant. Parasitaemias remained constant before and after treat ment (Figs 14, 15) .
DISCUSSION
T he development of the malaria parasite inside the erythrocyte induces increased rigidity of the cell, lower deformability and increased adhesi veness of erythrocytes to other cells, particularly the vascular endothelium (Miller et al., 1972; Paulitschke & Nash, 1993; Dondorp et al., 2000; Cooke et al., 2001) . Adrenalin almost instantly causes a large part of the peripheral blood to be diverted to the major organs; it is interesting to note that not all stages of the para site are affected to the same extent. Because of its asynchronous schizogonic cycle in the blood, P. y oelii was considered to be the most suitable rodent species for this study, for the following reasons: i) different stages are present at the same time, and the evaluation of the parasitic pattern permits the determination of which stage is the most affected by the adrenalin injection; ii) the parasite shows a prefe rence for reticulocytes and, as it grows, enlarges the host cell. In order to avoid the increasing number of multiparasitized reticulocytes which appear during the course of the infection, most experiments were per formed when parasitaemias were below 2 %. Comparisons were made with two other species: P. vinc kei, which fills the normocyte in which it develops, and P. c h a b a u d i, a much smaller parasite. With P. yoelii, one minute after the injection there was, in the peripheral circulation of the large vessels of the tail as well as in the mosquito blood meal drawn from capillaries, a sudden decrease of parasitaemia, asso ciated with a decrease of Rs + Yts and particularly of MTs. These stages, being small, appear not to be held in the peripheral capillaries while the older parasites (OTs) are less mobile and are retained. These conclusions were confirmed by the results of experiments with P. vinckei, a species with a syn chronous cycle in the blood. The administration of adrenalin at different times of the cycle produced a significant diminution of parasitaemia only when MTs and, to a lesser extent Rs + YTs, were predominant. The opposite occurred in the right heart, and presu mably in other organs. Parasitaemia was lower than in tail blood and the adrenalin injection was followed by increased parasitaemia and an influx of MTs. To understand the differential effect on MTs, two factors must be considered: i) the parasite's size and ii) the erythrocyte's flexibility, essential for ease of circulation:
-(i) Parasite size The involvement of parasite size was evidenced by experiments with the synchronous P. ch abau d i, a much smaller parasite than the other rodent species. Adre nalin had no effect on the infection at any time of the cycle, even when MTs were predominant.
-(ii) Flexibility of red blood cell Although reticulocytes are larger than normocytes, adrenalin did not modify the reticulocytaemia in unin fected mice, which indicates that membrane elasticity and viscosity of the cytoplasm are also important fac tors. The deformability of red blood cells diminishes as the parasite grows (Kaul et al., 1994) . It is therefore sur prising that the most mobile stages are the MTs and not the Rs + YTs. The logical explanation, in our view, is that MTs by their increased surface area, as com pared to rings, and their flexibility which contrasts with the rigid schizonts, are particularly susceptible to haemodynamic perturbations. Daily injections of adrenaline during the course of infection by P. y oelii showed that the drug lost its effect when parasitaemias rose above 5 % and regained it after the crisis when mice were recovering and parasitae mias declined. When parasitaemias are high, the majo rity of infected red blood cells are polyparasitized reti culocytes of large size and probably increased rigidity, which are therefore less mobile. Because the speed of the circulation differs in the diffe rent viscera, and because parasites themselves are more or less mobile or often even sequestered, it appears that their distribution in the different organs and blood vessels cannot be uniform. Alger (1963) and Desowitz & Barnwell (1976) investi gated the parasitaemia and the parasitic stages present in impression smears of viscera prepared at autopsy of mice infected with P. berghei, and described diffe rences according to the organs. We will not attempt to compare experiments performed in vivo with those done post m ortem but we note that they found signi ficant differences of parasitaemia and parasitic pattern in the viscera of mice, and in the organs of different hosts. Coquelin et al. (1999) showed that the last develop mental stage of the rodent malarias in the vertebrate host, the maturation of schizonts and the release of merozoites, occurred in small vessels in the viscera and preferentially in the lungs, where rigid "pillars" slow down the circulation and facilitate the rupture of mature schizonts and the invasion of new red blood cells by the merozoites. They hypothesized that inva sion of erythrocytes by merozoites was not likely to occur in the extremely fast circulatory stream and must take place in vessels of small calibre where the blood slows down. This hypothesis is coherent with the observations of Desowitz et al. (1976) , who found large numbers of ring forms in the left heart. The greater rigidity of older stages and the slowing down of the circulation appear to be necessary for the parasites multiplication, the invasion of red blood cells by the parasite, and the completion of the life cycle. Our observations on the selective mobility of young stages -Rs, YTs and MTs -compared to the relative immobility of older parasites, under variable circula tory conditions, support these conclusions. The fact that midterm trophozoites are transported by the blood stream preferentially to younger stages is probably due to purely rheological phenomena, allo wing them to remain free in the flowing blood stream. The increased rigidity of the parasitized RBC is a gene ral phenomenon. However the effect on the erythrocyte size varies according to the parasite species. P. m alariae, because of it's smaller size may behave like P. chabaudi, P. falcip a ru m a larger parasite which does not modify the RBC like P. vinckei and, P. vivax which hypertropies the RBC like P. yoelii. V o z a T., G a u t r e t P., R é n ia L., G a n t ie r J.C., 
